The KE Basin sludge that will be retrieved and stored in large-diameter containers (LDCs) contains some fraction of uranium metal that generates hydrogen gas, which introduces potential upset conditions. One postulated upset condition is that the retention of gas bubbles that are uniformly distributed causes expansion of the K Basin material and the material is driven into the vent filters at the top of the container. One approach to avoiding this upset condition is to limit the amount of material loaded into the LDC so that even with the maximum possible gas fraction and bed expansion the K Basin material would never reach the vent filter. The uniformly distributed gas bubbles are generated by metal particles that are also uniformly distributed. Uniformly distributed gas bubbles represent one limiting scenario for gas holdup and are the subject of this study. An opposite limiting scenario has gas-generating particles residing in a settled layer below a region of inert material that has no gas-generating particles. This alternative scenario potentially leads to a rising vessel-spanning "sludge plug" from the gasgenerating layer (Terrones and Gauglitz 2002).
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Executive Summary
The KE Basin sludge that will be retrieved and stored in large-diameter containers (LDCs) contains some fraction of uranium metal that generates hydrogen gas, which introduces potential upset conditions. One postulated upset condition is that the retention of gas bubbles that are uniformly distributed causes expansion of the K Basin material and the material is driven into the vent filters at the top of the container. One approach to avoiding this upset condition is to limit the amount of material loaded into the LDC so that even with the maximum possible gas fraction and bed expansion the K Basin material would never reach the vent filter. The uniformly distributed gas bubbles are generated by metal particles that are also uniformly distributed. Uniformly distributed gas bubbles represent one limiting scenario for gas holdup and are the subject of this study. An opposite limiting scenario has gas-generating particles residing in a settled layer below a region of inert material that has no gas-generating particles. This alternative scenario potentially leads to a rising vessel-spanning "sludge plug" from the gasgenerating layer (Terrones and Gauglitz 2002) .
Uranium corrosion is another mechanism for sludge bed expansion during storage. As metallic uranium and uranium oxides corrode and hydrate during storage, corrosion products are generated that have a lower particle density and higher void fraction than the starting sludge. A report was recently prepared that quantifies how the various types and sources of K Basin sludge will react and volumetrically expand between the time the sludge is first loaded into the LDCs and the time all major volume-changing reactions have been completed (Schmidt and Delegard 2002) . The effects of sludge expansion due to both gas retention and uranium corrosion will need to be considered when establishing the final container loading parameters.
This report presents an evaluation of the retention of uniformly distributed bubbles and an estimate of the maximum gas fraction that might be retained in K Basin LDCs based on existing literature data on bubble retention and information on K Basin material (the maximum expansion of the sludge bed = 1/[1 -maximum gas fraction]). Existing data show that the maximum gas fraction varies depending on physical properties and the configuration of the material or waste. While the data show a few instances where the maximum gas fraction exceeds 35%, this worst case occurs in a narrow range of physical parameters. Therefore, it is unlikely that an entire LDC would uniformly have physical properties, strength in particular, that give rise to bubble retention equal to the highest values measured in the laboratory or in some Hanford single-shell tank waste.
The maximum volume fraction that might occur in K Basin material stored in LDCs has been determined by three different approaches. The first approach was based on the assumption that maximum gas retention data on bentonite clay simulants provides a conservative representation of K Basin material. In addition, it was assumed that the LDCs had discrete layers of material with strengths randomly assigned based on all available K Basin measurements of yield stress. The second approach assumed two distinct regimes of bubble retention. In the lower regime, iv bubble retention was estimated from literature data on glass beadpacks; in the upper regime, bubble retention was estimated from bentonite clay data. The average gas fraction in the LDC was a combination of these two regions of retention. The third approach assumed that in situ measurements of gas retention in Hanford SST samples represent the K Basin material in LDCs.
Based on the existing data and understanding of K Basin material and the LDCs, the first approach seems most appropriate. The results show that an LDC filled with at least five randomly selected layers of K Basin material has a 99% probability of having maximum gas retention of less than 35%, assuming the retained bubbles are uniformly distributed. Accordingly, until testing can be conducted to support a lower estimate, this work recommends that 35% gas fraction be assumed to represent the maximum gas fraction that could be achieved in an LDC. 
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Introduction
At the U.S. Department of Energy (DOE) Hanford Site in southeastern Washington State, a considerable amount of spent nuclear fuel (SNF) is stored in two water-filled concrete pools known as the K East (KE) and K West (KW) Basins. These basins in the 100K Area contain over 2100 metric tons of N Reactor fuel elements in aluminum or stainless steel canisters. An estimated 52 m 3 of sludge have accumulated in the canisters and on the floor of the K Basins.
The sludge is believed to comprise a mixture of SNF, metal corrosion products, windblown particulate material, and other constituents such as organic and inorganic ion exchange material (Makenas et al. 1996 (Makenas et al. , 1997 (Makenas et al. , 1998 (Makenas et al. , 1999 . A detailed inventory and composition description of all K Basin sludge materials can be found in Pearce (2001) . According to the SNF Project objectives, the sludge will be packaged, shipped, and stored at T Plant in the Hanford 200 Area until final processing at a future date.
The KE Basin sludge will be retrieved and stored in large-diameter containers (LDCs) that are approximately 5 ft in diameter and 10 ft high. The material contains some fraction of uranium metal that generates hydrogen gas, introducing potential upset conditions. Gas generation within the K Basins has been reported and documented extensively. Oxidation of metallic uranium is responsible for generating hydrogen gas within the K Basin sludge (Johnson 1995; Baker et al. 2000; Bryan et al. 2001) . High rates of gas generation have been observed in some K Basin sludge samples.
One postulated upset condition is that the retention of gas bubbles that are uniformly distributed causes expansion of the K Basin material, and the material could be driven into the vent filters at the top of the container. One approach to avoiding this upset condition is to limit the amount of material loaded into the LDC so that, even with the maximum possible bed expansion, the K Basin material would never reach the vent filter. The uniformly distributed gas bubbles are generated by metal particles that are also uniformly distributed. Uniformly distributed gas bubbles represent one limiting scenario for gas holdup and bed expansion. The subject of this report is determining of the maximum gas fraction that might be retained in LDCs filled with K Basin sludge for this scenario. The maximum gas fraction is defined as the fraction of the total bed volume occupied by gas bubbles. The maximum expansion of a sludge bed equals 1/(1 -maximum gas fraction).
An opposite limiting situation is that of gas-generating particles residing in a settled layer below a region of inert material that has no gas-generating particles. Baker et al. (2000) have described the formation of a large pocket of gas underneath a sludge sample in an experiment with a KE sample (96-06) that had this configuration. This observation was made during the course of a series of settling rate studies. As a result of the batch sedimentation step, particulate settled, forming a stratified layer of sludge where the larger and denser particles remained at the bottom and the smaller, less dense ones at the top. This alternative scenario of vessel-spanning "sludge plugs" has been studied previously (Terrones and Gauglitz 2002) .
Uranium corrosion is another mechanism for sludge bed expansion during storage. As metallic uranium and uranium oxides corrode and hydrate during storage, corrosion products are generated that have a lower particle density and higher void fraction than the starting sludge. A report was recently prepared that quantifies how the various types and sources of K Basin sludge will react and volumetrically expand between the time the sludge is first loaded into the LDCs and the time all major volume-changing reactions have been completed (Schmidt and Delegard 2001) . The effects of sludge expansion due to both gas retention and uranium corrosion will need to be considered when establishing the final container loading parameters.
Recent predictions of particle settling during LDC loading shows that a relatively uniform distribution of gas-generating particles occurs when multiple layers are loaded sequentially into the LDC.
(a) The ability of materials to retain uniformly distributed bubbles has been documented in several situations. One significant example is the generation and retention of gas bubbles in high-level waste stored in single-and double-shell tanks (SSTs and DSTs) at Hanford (Johnson et al. 1997 (Johnson et al. , 2001 ). In these SSTs and DSTs, gas is retained in bubbles that are somewhat uniformly distributed. Accordingly, it is credible that the K Basin material stored in LDCs can retain uniformly distributed bubbles and thus expand. The objective of this study is to estimate the maximum gas retention that could potentially occur in an LDC.
Gas-Bubble Retention Scenarios for K Basin Material in LDCs
While a range of plausible LDC filling scenarios have been considered, from the viewpoint of gas bubble retention, there are two configurations that span the range of behavior. These two configurations are a homogeneous distribution of gas-generating particles and a thin layer of gasgenerating particles below a thicker layer of inert material (without gas-generating particles). If LDCs are to be filled by a series of batches from different locations at different times, a layered distribution of gas-generating particles might be expected (Figure 1 .1). Once gas is generated within the sludge, it might be retained by various mechanisms that depend on the microstructure of the sludge (see Section 2).
Existing data show that the maximum gas fraction varies depending on physical properties and material configuration. While currently available data for gas retention show a few instances where the maximum gas fraction exceeds 35%, this worst case occurs in a narrow range of physical parameters. Therefore, it is unlikely that an entire LDC would uniformly have physical properties, strength in particular, that give rise to bubble retention equal to the highest values measured in the Laboratory or in some Hanford SSTs. 
Approaches for Estimating Maximum Gas-Bubble Retention
The first approach is based on the assumption that the sludge in filled LDCs is arranged in five to 10 layers having the same volume but different maximum gas volume fractions. Because the degree of bubble retention in sludge depends strongly on its yield stress, the maximum gas fraction retained in K Basin sludge material is estimated from bubble retention data for bentonite clay simulants. Each layer is assumed to have the same gas fraction of the bed volume, so the total bed gas fraction is calculated by taking the average of the gas fractions from the randomly selected layers. Each of these random selections constitutes a statistical realization. In other words, the contents of an LDC are hypothetically filled by several layers, each of which has a maximum volume fraction randomly selected from a set of void fraction estimates for the K Basin sludge. Using a large number of realizations, probability distributions for the overall gas fraction in the LDC are calculated from randomly selected layers.
The second approach is based on the assumption that the most probable gas retention level for a typical K Basin sludge composite in an LDC lies somewhere between two bounding bubble retention regimes based on currently available data. In the lower regime, bubbles fill the pores between the particles, and the maximum gas retention is relatively low. In the upper regime, bubbles are capable of displacing neighboring particles, and the maximum gas retention is relatively large (determined from literature data on bentonite clay). The gas retention level for LDC sludge is estimated from a combination of these two retention regimes.
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The third approach is based on the assumption that the gas retention level for a typical K Basin sludge composite in an LDC is comparable to that found in Hanford DSTs and SSTs that are known to retain significant quantities of gas.
Previous Studies of Gas-Bubble Retention
The generation, retention, and release of gas bubbles in high-level waste storage tanks at Hanford have been the subject of detailed studies for the past 10 years. In general, it has been found that gas retention can occur any tank that has a settled layer of wet solids, provided there is sufficient gas generation. Johnson et al. (1997 Johnson et al. ( , 2001 give overall summaries of the investigations for Hanford waste tanks. The retention of bubbles is not surprising and is known to occur in many materials ranging from yield stress fluids and pastes (Chhabra 1993) to ocean sediments (Wheeler 1990 ).
The primary measure of gas retention is the gas volume fraction in the material, which is also commonly referred to as the "void fraction." For Hanford DSTs AN-103, AN-104, AN-105, AW-101, and SY-103, which are on the Flammable Gas Watch List, the average void fraction ranged from 4 to 11% for the settled layers (Johnson et al. 2001) . In these DSTs, all the individual local measurements in the settled layers were below 20% void. For SSTs on the Flammable Gas Watch List, the reported void fractions are higher (Johnson et al. 2001) . Of the 26 local measurements reported for layers of wet solids, only two specific samples gave measurements higher than 35% void (36% in SX-106 and 42% in U-103).
The mechanisms of gas-bubble retention and bubble behavior in tank waste have been the subject of a number of studies (Gauglitz et al. 1994 (Gauglitz et al. , 1995 (Gauglitz et al. , 2001 Stewart et al. 1996; Rassat et al. 1997 Rassat et al. , 1998 Rassat et al. , 1999 Bredt et al. 1995; Bredt and Tingey 1996; Walker et al. 1996) . In this section we present a summary of bubble retention, including data and models that can be used to predict gas bubble retention in K Basin material stored in LDCs. The principal mechanisms of bubble retention can be grouped into three categories: bubbles retained by direct attachment to particles, bubbles retained by the strength of the surrounding waste, and bubbles retained between particles by capillary forces. In layers of liquid-saturated settled solid particles called sediment, capillary forces and waste strength dominate bubble retention; direct attachment of bubbles to particles plays a minor role. The two dominant bubble retention mechanisms are discussed below.
Bubbles can be held in the interstitial spaces or pores between particles by capillary forces when the lithostatic load is sufficient to hold the particles in contact against the force of the bubble's internal pressure trying to push them apart. The lithostatic load at any elevation is given by the buoyant weight of the particles above. The capillary force retention mechanism requires either relatively large pores, which reduce the internal bubble pressure, or a deep waste column, which increases the lithostatic load, or both. These bubbles assume an irregular, dendritic shape conforming to the passages between the particles. When the internal pressure of a bubble overcomes the effect of the lithostatic load, it pushes the surrounding particles apart. The bubble is then restrained by the yield strength of the bulk waste as a particle-displacing bubble. The difference between these two types of bubbles is illustrated in Figure 2 .1. Whether a bubble is held by yield strength or capillary force is indicated by the Bond number criterion developed by Gauglitz et al. (1994 Gauglitz et al. ( , 1995 Gauglitz et al. ( , 1996 . This dimensionless number contains two parameters, a ratio of gravitational force to surface tension force, and a ratio of waste strength force to surface tension force. If the number exceeds unity, the bubbles are in a pore-filling configuration between particles and held by capillary forces. The Bond number is expressed as
where H S is the height of the lithostatic column above the bubble D P is the mean pore diameter through which a bubble must pass to escape retention; assumed to be represented by the particle diameter. ∆ρ is the difference between bulk sediment and liquid density σ is the surface tension τ Y is the yield stress g is the acceleration due to gravity A is an area ratio related to how the yield stress resists bubble expansion; it was estimated to be 2.8 by Gauglitz et al. (1995) based on laboratory experiments.
As is described in the following sections, the maximum retention is different depending on whether bubbles are retained by capillary forces or yield strength. When the Bond number equals one, Equation 1 defines the transition depth, H s . Knowing the transition depth for K Basin material in an LDC determines the appropriate maximum retention to apply to the different regions of the bed.
Bubble held within pores by capillary forces
Bubble displacing particles and held by waste strength Figure 2 .2 shows the maximum gas fraction reported by Gauglitz et al. (1996) for clay simulants spanning a range of strengths and held in 2.5-cm-diameter columns. The results show that gas retention is negligible for materials of yield stress <1 Pa, increases to a peak value when the yield stress is about 30 Pa, and then decreases slightly for higher values of yield stress. For the low strength range, the buoyancy of individual bubbles is sufficient to overcome the yield stress of the clay simulant. In the strength range where the retention has a peak value, the retained bubbles are roughly spherical. In this range, bubbles grow until a sufficiently high gas fraction level is achieved that the bubbles touch and coalesce and provide a pathway for gas release. At strengths above the peak in retained gas fraction, the bubbles become highly distorted slits that finger through the clay. Here, the slit-shaped bubbles coalesce and provide a gas release pathway at somewhat lower void fractions. Gauglitz et al. (1996) also report additional data showing that the maximum retention increases slightly with increasing vessel diameter from 2.5 cm to 90 cm. Considering the variability in the test results, the gas volume fraction values shown in Figure 2 .2 are appropriate for predicting behavior in other systems.
Maximum Retention for Bubbles Retained by Waste Strength
The data in Figure 2 .2 provide a basis for estimating the maximum retention that could occur in K Basin material stored in an LDC. In Section 3.1, estimates are derived for the maximum gas fraction in an LDC assuming a number of discrete layers with strengths based on measurements of K Basin samples and maximum gas fractions inferred from the data in Figure 2 .2. Figure 2 .3 shows the maximum retention reported by Gauglitz et al. (1996) for columns containing glass beads in a series of tests wherein each test used a different bead size. For these tests, most of the column had bubbles retained by a capillary force mechanism, and the bubbles occupied the pore space between the beads. The maximum void fraction for bubbles in this regime is generally less than that for bubbles retained by the strength of the material. Specifically, the peak value of the maximum gas retention in Figure 2 .2 is about 40%, while the highest value for bubbles retained by capillary forces is about 20%, as shown in Figure 2 .3.
Maximum Retention for Bubbles Retained by Capillary Forces
The data in Figure 2 .3 provide a basis for estimating the maximum gas retention in K Basin material for the region of the material where bubbles are retained by capillary forces. In Section 3.2, results are shown for the fraction of the material in an LDC that has sufficient lithostatic load to cause pore-filling bubbles. 
Gas-Bubble Retention Estimates for K Basin Material in LDCs
This section describes the methodology employed to determine an upper bound on maximum gas volume retention expected in an LDC based on a probabilistic approach. The degree of bubble retention in sludge strongly depends on its yield stress, as evidenced from previous laboratory experiments on gas retention in simulants made of bentonite clay (see Figure 2 .2) and glass beads (see Figure 2. 3). Therefore, the starting point in this analysis assumes that maximum gas retention data for bentonite clay simulants provide a conservative estimate of bubble retention behavior in K Basin sludge material. Because it is expected that LDCs will be filled in stages that will lead to a stratified arrangement of sludge layers with different average yield stress and thus different degrees of bubble retention, a calculation was performed to estimate the probability of maximum gas retention based on a random selection of K Basin sludge batches that could originate from various locations within the K Basin pools.
Maximum Retention Assuming Random Layers and the Waste Strength Retention Mechanism
Yield stress measurements of K Basin sludge have been carried out since 1995. A summary of the average values of yield stress from several samples from the K Basins is shown in Table 3 .1 (for a detailed description of yield stress data, refer to Terrones and Gauglitz 2002) . Figure 3 .1 plots the cumulative probability distribution of yield stress measurements for K Basin samples. The 50th and 95th percentiles for yield stresses are 475 and 5420 Pa, respectively. From these data, a maximum gas volume fraction retained in K Basin sludge material can be estimated from the curve fit of maximum gas fraction retained in bentonite as a function of yield stress (Figure 3.2) . From these data, the 50th and 95th percentiles of the maximum gas volume fractions retained estimates are 0.29 and 0.41, respectively. Table 3 .1 contains all the available yield stress data to-date. The corresponding gas fraction estimates (third column of Table 3 .1) will be used in the probabilistic determination of the maximum percentage of retained gas in the K Basins.
An overly conservative, worst-case estimate of the gas fraction is given by the 95th percentile. However, the LDC will contain K Basin material from a number of different locations, not just from that with the highest void fraction. A reasonable estimate could be given by the 50th percentile void fraction. However, to provide a more meaningful estimate of the void fraction, one must consider the arrangement of K Basin sludge resulting from the filling process of the LDCs. In practice, this process is achieved by randomly selecting batches from different locations, and thus different gas volume fractions, resulting in a layered arrangement in the LDC. A gas volume fraction probability distribution could be inferred from a statistically large number of possible sludge layering configurations with different degrees of gas retention. With a large number of samples, the average will essentially be the 50th percentile. We assume that the LDC sludge is composed of an equally spaced arrangement of five to ten layers from different batches of material chosen randomly from within the K Basins. Furthermore, each layer is assumed to have the same gas fraction of bed volume, so the total bed gas fraction is calculated by taking the average of the gas fractions from the randomly selected layers. Each of these random selections constitutes a statistical realization. In other words, the contents of an LDC are hypothetically filled by several layers whose maximum volume fraction is randomly selected from the third column of Table 3 .1. If the number of layers is few, there will be a few realizations that are higher than the median and a few that are lower. If a large number of realizations are calculated, a distribution is generated for the average gas volume fraction of randomly selected layers. For a five-layer LDC, Figure 3 .3 shows the probability distribution obtained from 10,000 realizations. In this case the 95 th percentile corresponds to a maximum gas volume fraction of 0.336, and the median is 0.29. A maximum gas volume fraction of 0.35 corresponds to the 99 th percentile. For a 10-layer LDC, Figure 3 .4 shows the probability distribution obtained from 10,000 realizations. In this case, the 95 th percentile corresponds to a maximum gas volume fraction of 0.32, and the median is 0.286. As the number of randomly selected layers increases, the percentiles of maximum gas fraction decrease, as shown in Figure 3 .5 (each point in this plot is based on 10,000 realizations). 
Maximum Retention Assuming Both Capillary Force and Waste Strength Retention Mechanisms
If a substantial region of the material in an LDC has pore-filling bubbles retained by capillary forces, the maximum retention would approach the values in Figure 2 .3, or roughly 20%. There are two approaches for estimating the transition between pore-filling bubbles and particledisplacing bubbles, hence the fraction of the material having comparatively low retention. Unfortunately, these two approaches give significantly different estimates for the transition. Accordingly, it is not reasonable to predict lower maximum gas retention by accounting for the two regimes of bubble retention. The two estimates of the transition depth are shown below. Figure 3 .6 shows the reported transition depths for beds of glass beads and, in one case, polymethylmethacrylate (PMMA) particles (Gauglitz et al. 1995) . The fit of the Bond number scaling (Equation 1) to these data is also shown. When the Bond number equals one, Equation 1 defines the transition depth, H s , in terms of physical properties and constants. From the viewpoint of making a conservative (highest) estimate of the maximum gas fraction that could occur, the physical properties that give the deepest transition depth are conservative values. Table 3 .2 shows the parameter values for estimating the transition depth. These are representative (median) rather than conservative values, and they give a transition depth of 210 cm based on the Bond number scaling (Equation 1). This is essentially the entire LDC depth. Conservative values would predict an even deeper transition depth. floor sludge (Table 4- The difference in the two estimates for transition depth is primarily due to a large difference in yield stress between the glass bead and K Basin materials. In the earlier study (Gauglitz et al. 1995) , where the Bond number scaling was fit to the beadpack data, independent yield stress measurements were made for the beakpacks. In developing this fit, a 30-micron beadpack would have a yield stress of about 3000 Pa, which is significantly higher than the median K Basin yield stress shown in Table 3 .2. In the absence of experiments on actual or simulated K Basin materials, the discrepancy in the estimated transition depth is not readily resolved.
The conservative transition depth is the larger of the two estimates, about 210 cm. This is effectively the entire bed depth. In this case, the entire bed has particle-displacing bubbles, and the estimated maximum retention presented in Section 3.1 applies.
Gas Retention in Hanford SSTs and DSTs
The third approach for estimating the potential maximum gas retention in LDCs with K Basin material is to assume that the gas retention in Hanford DSTs and SSTs represents the behavior of K Basin material in LDCs. The most pertinent Hanford tanks to consider in this approach are those known to generate and retain gas bubbles and for which gas retention and yield stress measurements have been reported. Figure 3 .7 shows the relationship between gas fraction and yield stress where data have been reported for both parameters (Johnson et al. 2001; Hedengren et al. 2001) . While the data for bentonite clays were taken from simple, well-defined experiments, the actual tank behavior is much more complicated. This presentation of the tank data is simplistic and mixes average values and individual measurements. Regardless, the primary observation is that the actual tank behavior has gas retention measurements that fall below the bentonite clay data with only one exception. Key differences between actual tank behavior and the simulants are the much larger scale and longer duration of the actual tank situation. This comparison supports an assertion that the bentonite data are conservative. Johnson et al. (2001) for individual core samples taken from seven SSTs, excluding samples taken from the supernatant liquid. These SSTs and void fractions seem most pertinent to gas retention in K Basin material, although they do represent the tanks with highest amounts of retained gas. The SST data show that a 35% gas fraction has been measured and exceeded in a few core samples, but that the probability of exceeding 35% gas retention was only 5%. These measurements were for individual core samples. There were insufficient data to calculate potential retention in LDCs filled with random layers. 
Possible Mechanisms for Lower Gas-Bubble Retention
While many studies have focused on the physical properties and gas generation behavior of K Basin samples, no specific studies have sought to document mechanisms of gas-bubble retention in K Basin simulants or actual material. Still, during testing for gas generation behavior, video recordings were sometimes made when retained bubbles were observed. Welsh et al. (1992) have described a unique mechanism of bubble release where a narrow pathway is established in the sample. This preferred pathway remains open, and gas bubbles repeatedly move through this pathway. After reviewing the video recordings in the collection held by Paul Bredt, (a) there were no new observations or mechanism of retention or release. Figure 3 .9 is an image of bubbles in preferential paths. The image for sample 96-23 was previously documented, (b) and the images for samples 96-13 and 96-08 were obtained from RB Baker.
(c)
The mechanism of preferential channel formation allows gas release while the overall gas fraction is relatively low. If this mechanism is dominant in the LDCs when filled with K Basin material, then the maximum gas retention could be significantly less than the 35% estimate based on uniformly distributed gas-generating particles and bubbles. 
Discussion and Recommendation for Maximum Gas-Bubble Retention
Estimates of the maximum gas volume fraction that might occur in K Basin material stored in LDCs have been determined by three different approaches. The first approach assumed that 1) particle displacing bubbles are retained by the strength of the material, 2) bentonite clay simulants can represent K Basin material, and 3) LDC sludge comprises discrete layers of material with yield stress randomly selected from all available K Basin measurements. The second approach assumed two distinct regimes of bubble retention. In the lower regime, bubbles filled the pores between the particles, and in an upper regime bubbles displaced the particles. The total gas retention in the LDC was a combination of these two bounding regimes of retention. The third approach was based on an estimate of gas retention in Hanford DSTs and SSTs that are known to retain significant quantities of gas.
Based on the existing data and understanding of K Basin material and the LDCs, the first approach seems most appropriate. In addition, after reviewing many video recordings of laboratory testing on K Basin material, the bentonite clay simulant appears more representative than the glass bead simulant. The primary deficiency in bentonite clay data for maximum retention, as shown in Figure 2 .2, is that the gas bubbles were created via decomposition of a small amount of hydrogen peroxide in solution. In actual K Basin material, gas bubbles originate at individual particles of metallic uranium. This difference in bubble creation potentially explains the observed formation of preferential channels shown in Figure 3 .9 for K Basin material. Regardless of this deficiency, in the absence of bubble retention measurement in K Basin material, the bentonite clay retention data are a reasonable upper bound.
The results presented in Section 3.1 show that an LDC filled with at least five layers has a 99% probability of having a maximum gas retention level of less than 35%, assuming the retained bubbles are uniformly distributed. Accordingly, until testing can be conducted to support a lower estimate, this work recommends that 35% void be assumed to represent the maximum gas volume fraction that could be achieved in an LDC.
The second approach does not change the estimate of 35% retention because the predicted location of the transition is deeper than the bed. This predicted location, however, is based on a value for yield stress that is much less than beadpacks with similar particle-size material. In simulants composed of glass beads, a transition depth of ~10 cm has been reported for glass beads having the same median diameter as the K Basin material. If this shallow transition depth were to occur, the maximum retention would be close to 20% void, as described in Section 3.2. However, in the absence of testing on K Basin simulant or actual material, this lower retention estimate is not recommended.
For the third approach, gas retention in the SSTs that are known to generate and retain gas seems most relevant to the behavior of K Basin material in LDCs. The SST data show that 35% gas fraction has been measured and exceeded in a few core samples but that the probability of exceeding 35% gas retention was only 5%. These measurements were for individual core samples. Insufficient data were available to calculate potential retention in LDCs filled with random layers based on these data.
In conclusion, 35% gas retention represents the maximum retention level that might occur in K Basin material stored in LDCs. This estimate is substantiated by the results of the analysis described in this report and based on literature data from a variety of laboratory studies and actual systems.
